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The main goals of this study were to identify whether key processes involved in microbial soil nitrogen transforma-
tions, such as diazotrophic activity and denitrification, the chemical properties of limiting elements in the soil, andmi-
crobial community structure, differ in the different successional stages of two long term chronosequences in maritime
Antarctica. Moreover, we expect the rates of diazotrophic activity and denitrification to be stimulated by increases in
air temperature and moisture. To answer these questions, we selected three stages in the succession (early, mid and
late) in each of twowell established chronosequences: three raised beaches in Ardley Island; and the Barton Peninsula,
which includes two cosmogenically dated sites and the forefield of the Fourcade glacier. In the Ardley chronosequence,
higher diazotrophic activitywas found in the older successional stages, concomitantwith an increase in the abundance
of Cyanobacteria. In the Barton chronosequence, Cyanobacteria were only present and abundant (Microcoleus) in the
early successional stage, coinciding with the highest diazotrophic activity. Denitrification in the Barton
chronosequence tended to be highest at the mid successional sites, associated with the highest abundance of
Rhodanobacter. In the Ardley chronosequence, the lowest abundance of Rhodanobacterwas linked to lower denitrifica-
tion rates in the mid successional stage. In the Ardley chronosequence, significant positive effects of passive warming
and water addition on diazotrophic activity were detected in the first and the second years of the study respectively. In
the Barton chronosequence on the other hand, there was no response to either passive warming or water addition,
probably a manifestation of the higher nutrient limitation in this site. Denitrification showed no response to either
warming orwater addition. Thus, the response ofmicrobial nitrogen transformations to global change is highly depen-
dent on the environmental setting, such as soil origin, age and climate regime.
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1. Introduction

The Antarctic Peninsula is continually undergoing profound geomor-
phological changes due to the intrinsic climatic dynamics that have oc-
curred since the Last Glacial Maximum (Cofaigh et al., 2014; Fretwell
et al., 2010; Watcham et al., 2011). Historical satellite images indicate
that active glacier-thinning and retreat has been occurring over the last
five decades (Rückamp et al., 2011). In southern King George Island, the
substrates of the deglaciated landscape of glacier forefields and raised
beaches (palaeo-beaches) are well dated (Cofaigh et al., 2014). This allows
us to reconstruct chronosequences throughwhich to study ecosystem devel-
opment, using the principle of space-for-time substitution (Pickett, 1989).

Since the 1950s, there has been a growing interest in investigating gla-
cier forefields around the world. These studies document deterministic pat-
terns of change in ecosystem properties and functions, as well as microbial
community structures with pedogenesis (Bradley et al., 2014 and refer-
ences therein). Increases in vegetation cover and soil microbial biomass,
contribute to the build-up of organic matter in the sediments of the glacier
forefield (Göransson et al., 2011, Schurig et al., 2013, Mori et al., 2017) and
the concomitant decreases in soil pH, as organic acids increase with soil age
(Mateos-Rivera et al., 2016; Kim et al., 2017; Alfaro et al., 2020).Moreover,
bacterial communities, which are strongly dependent on soil carbon
(C) and nitrogen (N), such as heterotrophic and autotrophic denitrifiers
and diazotrophs, respond to changes in soil content of these elements, pre-
senting alterations in their community composition and structure with soil
age (Rime et al., 2015; Castle et al., 2016; Fernandez-Martinez et al., 2017;
Kim et al., 2017; Pessi et al., 2015; Jiang et al., 2018). The direction of
change of microbial functions and soil chemical properties is not universal
for global ecosystems but depends on state factors – mainly the geological
substrate (e.g., volcanic vs. sedimentary rocks) and environmental setting
(e.g., dry vs. wet environments) (Delgado-Baquerizo et al., 2019;
Delgado- Baquerizo et al., 2020). Although little is known about ecosystem
development in the very limited ice-free regions of Antarctica (0.44%),
these studies confirm the diverse directional pattern of changes in soil prop-
erties and microbial community composition and structure (Strauss et al.,
2009, Bajerski and Wagner, 2013, Pessi et al., 2015, Boy et al., 2016, Yan
et al., 2017, Garrido-Benavent et al., 2020, Krauze et al., 2021). However,
less is known about the changes in microbial activity involved in soil N
transformations, such as diazotrophic activity and denitrification, and
even less about how these functions will be affected, either positively or
negatively, by the predicted increases in air temperature (0.5–1.5 °C) and
mean annual precipitation (5–10%) for maritime Antarctica in the next 4
decades (Bozkurt et al., 2021).

In the present study, we focus on two soil microbial N transformations
involved in the nitrogen cycle: nitrogen fixation performed by diazotrophic
bacteria; and denitrification performed by denitrifiers endowedwith the ni-
trogenase and nitrate reductase enzymes, respectively. N fixation is a key
ecosystem function in pristine and newly exposed substrates, through
which newN is acquired by ecosystems. In contrast, denitrification is an im-
portant cause of N loss within ecosystems and a source of nitrous oxide,
which is a potent greenhouse gas.

Our main hypothesis is that diazotrophic activity and denitrification,
the chemical properties of limiting elements in the soil, and microbial
Table 1
Study sites in Ardley Island and Barton Peninsula, King George Island, maritime Antarc

Successional stage Latitude
S

Longitude Exposure time
Years BP

Ardley Island
Early (AES) 62.213 58.947 200–650
Mid (AMS) 62.213 58.946 2500–4400
Late (ALS) 62.212 58.945 7200

Barton Peninsula
Early (BES) 62.229 58.712 8–10
Mid (BMS) 62.225 58.779 5000 ± 1200
Late (BLS) 62.227 58.771 11,900 ± 2300
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community structure, will differ in the different successional stages. More-
over, we expect that the rates of diazotrophic activity and denitrification
will be stimulated by increases in air temperature and soil humidity. The
answers to these questions will help to explain how Antarctic ecosystems
will respond to climate change. In order to test our hypotheses, we selected
three stages (early, mid and late) in the successions in each of two well es-
tablished chronosequences: three raised beaches in Ardley Island (Fretwell
et al., 2010); and the Barton Peninsula, which includes two cosmogenically
dated sites (Seong et al., 2009) and the forefield of the Fourcade glacier.
Our research goals were: i) to describe the trends in chemical properties
of soils, such as pH, available N and phosphorous (P), base cations, and
total contents of N, P and C; ii) to measure the rates of microbial nitrogen
transformations, including diazotrophic activity and denitrification, occur-
ring in soils and biological soil crusts (BSCs); iii) to estimate soil microbial
diversity and abundance, and their relationships with the rates of different
microbial N transformations and chemical properties of soils; and iv) to de-
termine the effect of passive experimental warming andmoisture onmicro-
bial nitrogen transformations.

The novelty of this study lies in providing knowledge about the pat-
terns of change with the development of ecosystems in diazotrophic ac-
tivity and denitrification, the microbial assembly of the soils, and the
soil bacteria that participate in these ecosystem functions. Moreover,
experimental warming and moisture increases will give us insights
into how key microbial N transformations, such as N-fixation and deni-
trification, will respond to the climate change now being experienced in
the Antarctic Peninsula.

2. Methodology

2.1. Study sites

In order to study how microbial N transformations and microbial
assemblages develop with soil age, we selected two well established
chronosequences in southern King George Island, maritime Antarctica: 1) a
chronosequence of three raised beaches in Ardley Island (62°13′S, 58°56′
W), where early (AES: 200–650 years BP), mid (AMS: 2500–4400 years
BP) and late (ALS: 7200 years BP) successional stages were selected,
dated according to an isobase model (Fretwell et al., 2010); and 2) a
chronosequence in Barton Peninsula (62°23′S, 58°78′W), which consisted
of an early successional stage located about 20 m from the glacier terminus
of the Fourcade glacier (BES: 8–10 years BP), and two sites dated by cosmo-
genic 36chloride (Seong et al., 2009), viz. a mid successional stage (BMS:
5000 ± 1200 years BP), and a late stage (BLS: 11900 ± 2300 years BP)
(Table 1). The vegetation associations found in Ardley Island and the
Barton Peninsula are similar, mainly composed of the lichen/moss genera
Usnea-Andreaea-Himantormia; except for the early succession stage in the
Fourcade glacier, which is dominated by sparse cover of the moss Bryum
sp. (Peter et al., 2008; Gyeong et al., 2021) (Table 1). Records of the
“Eduardo Frei Montalva” weather station, located about 2 km from Ardley
Island, indicatemean annual temperature of−2.4 °C andmean annual pre-
cipitation of 737.7 mm in the last decade. In Barton Peninsula, the five-
decade record indicatesmean annual temperature of−1.8 °C andmean an-
nual precipitation of 437.6 mm. However, Lee et al. (2008) document a
tica.

Vegetation Geomorphology Altitude
(m.a.s.l.)

Usnea-Himantormia Palaeo-beach 5
Usnea-Himantormia Palaeo-beach 10
Usnea-Himantormia Palaeo-beach 20

Bryum sp. Glacial till 10
Usnea-Himantormia-Adreae Patterned ground 105
Usnea-Himantormia Patterned ground 165
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progressive increase in both temperature and precipitation over the last
two decades. The soil type of the palaeo-beaches of Ardley Island can be
classified as Turbic-Leptic-Cryosol (Michel et al., 2014); in the Barton
Peninsula, the mid and late successional stages correspond to Glacic and
Haplic Turbic Cryosol respectively (Lopes et al., 2019), while the soil in
the Fourcade glacier site is Glacial Till.

2.2. Microbial nitrogen transformations

2.2.1. Diazotrophic activity
In order to estimate diazotrophic activity, the enzymatic activity of ni-

trogenase was measured in two types of substrates: i) biological soil crusts
(BSCs) composed of lichens and bryophytes, where diazotrophs are present
as symbiotic organisms or as epiphylls; and ii) free-living diazotrophs pres-
ent in soils. In both chronosequences and in each successional stage, seven
random samples were taken of: a) BSCs (3–4 g dry weight); and b) soil
(6 cm3 pvc soil cores). Diazotrophic activity was determined using the acet-
ylene reduction assay (Myrold et al., 1999). Sampleswere incubated in situ,
for a maximum of 3 days, using hermetically closed 130 ml glass jars con-
taining a mixture of air and acetylene at 10% v/v. An additional sample
per treatment from each substrate type was incubated without acetylene
as a control. One gas sample per jar was taken every day and stored in
4 ml Becton-Dickinson Vacutainers™; these samples were subsequently
analysed for ethylene production in a Shimadzu gas chromatograph
GC-8AIF (Kyoto, Japan) equipped with a steel column filled with
Porapak N (SupelcoTM, 1 m*1/400ss, 80/100 mesh (Bellefonte,
Pennsylvania, USA), and with a FID detector. The ethylene concentra-
tion was determined from a calibration curve by diluting 100 ppm eth-
ylene balance in nitrogen using Scott™ analysis gases (Bellefonte,
Pennsylvania, USA). Acetylene reduction activity, an estimation of
diazotrophic activity, was obtained from the slope of the linear fit of eth-
ylene production during incubation in 130 ml headspace and referred to
dry weight.
Fig. 1.Mean (n=6±SD) diazotrophic activity (the rate of acetylene reduced to ethyle
inside (+OTC) and outside (−OTC) the open-top chambers and with (+H2O) and with
the significant effects of Wald statistics are shown in the box (Tables 2S and 3S).

3

2.2.2. Denitrification
In order to estimate denitrification rates, the enzymatic activity of ni-

trate reductasewasmeasured in the same sample types described above, in-
cubated in the laboratory at Escudero Base, the Chilean Scientific Research
Station on Fildes Peninsula, King George Island. Denitrification rates were
determined with the acetylene inhibition assay in intact soil cores and
BSCs (Groffman et al., 1999). This method was selected because nitrous
oxide (N2O) reductase is inhibited by acetylene, allowing the accumulation
of nitrous oxide in an acetylene atmosphere, which can be measured by gas
chromatography. Soil samples were placed inside 130 ml hermetic glass
jars and incubated for 6 h under a 10% v/v acetylene atmosphere. Gas sam-
ples were taken at 2 and 6 h and stored in a 4 ml vacutainer. The N2O con-
centrations in the gas samples were determined in a Shimadzu gas
chromatograph equipped with a Porapack column Q 80/100 and electron
capture detector. Calibration curves were prepared with a 1 ppm nitrous
oxide balance of nitrogen using Scott analysis gases. Denitrification rates
were estimated from the N2O-N concentration difference between time 2
and time 6, and expressed as an area.

2.3. Passive warming and water addition experiments

To passively increase the temperature conditions, five open-top cham-
bers (OTCs) were installed in each of the six successional stages in February
2019. These OTCs are hexagonal in shape, constructed of perforated trans-
parent acrylic panels to avoid excessive heating (Sáez et al., 2018). The
chambers are 40 cm in height with base diameter of 115 cm, and 25 perfo-
rations of 1.5 cm diameter each (Fig. 1S). To evaluate the effect of passive
warming and moisture availability on the rates of microbial nitrogen trans-
formations, the glass jars from experiments 2a and 2b were incubated in
situ and in the laboratory, respectively, during the southern summer, i.e.
February 2019 and February 2021, using the following treatments:
a) open-air, outside and next to the OTCs; b) inside standard OTCs;
c) with no addition of deionized water (hereafter DIW); d) with addition
ne) in the three successional stages of the Ardley chronosequence in the BSC and soil
out (−H2O) water addition, during (a) February 2019 and (b) February 2021. Only
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of 3 ml DIW. The water addition experiment proceeded by adding 3 ml of
DIW to samples, thereby increasing the water content on average to about
1.5 times the field water content.

The experiment design corresponded to randomized block design
(Quinn and Keough, 2002). For each OTC, consisting of a block or set of
treatments, two samples of each type of substrate (CBS, soil) were placed in-
side the jars. One was treated with 3 ml of deionized water (DIW) and the
other was left at field moisture content. Therefore, there were a total of
four jars inside each OTC. This procedure was replicated outside the
OTCs, making a total of eight samples per block. Additionally, as backup
samples, in one of the five OTCs, an additional set of eight treatments was
included, and an extra OTC was used as a control (without the addition of
acetylene). Therefore, therewere a total of seven blocks (6 blockswith acet-
ylene and one control block), with eight treatments in each, making a total
of 56 samples per successional stage.

In each successional stage, two replicates of data loggers were installed
on the soil surface to record temperature and relative humidity inside and
outside the chambers. The experiments at both study sites, Barton Penin-
sula and Ardley Island, were conducted in February (southern summer)
2019 and 2021 and the chambers were left until 2021. The only exception
was the late successional stage on the Barton Peninsula, where the OTCs
were blown down by the wind. In 2019, all experiments measuring
diazotrophic activity were conducted in the field. In 2021, experiments
on the samples of the mid and early successional stages of the Barton
Peninsula were conducted at the laboratory of the Escudero Base.

2.4. Soil sampling and chemical analysis

Five random samples of surface soils (0–5 cm) were taken from each
successional stage in both chronosequences. Soils were sieved using a
2mmmesh size prior to chemical analysis. Plant-available nitrogenwas ex-
tracted in a 0.021mol/L KAl(SO4)2 solution (1:4) and the amounts of avail-
able Nwere determined as ammonium and nitrate bymeans of fractionated
steam distillation (Pérez et al., 1998). Plant-available P was extracted by
lactation using the CAL (Calcium-Acetate-Lactate) method and determined
colorimetrically using the Molybdenum Blue method. The water contents
of the soil samples were determined gravimetrically. Soil reaction was de-
termined with a pH electrode in a 1:2 soil:water suspension. Exchangeable
base cations of calcium, sodium, potassium andmagnesiumwere recovered
from fresh soils in a 1 M ammonium acetate solution (1:10), and deter-
mined using a Perkin Elmer 2380 AAS (Robertson et al., 1999). The dry
samples of soil were ground for determination of total N and C by means
of flash combustion using an NA2500 Carlo Erba Element Analyzer
(Sollins et al., 1999). Phosphorus from ground soil was extracted with con-
centrated sulphuric acid together with a water peroxide solution in a Hach
Digesdahl digester and determined by the Molybdenum Blue method (Kuo,
1996).

2.5. Microbial assemblages in soils

In February 2019, up to five surface soil samples (0-5 cm) were taken at
random from each successional stage in both chronosequences using a hand
trowel, which was sterilized by 70% alcohol prior to sampling. Soils were
passed through a 2-mm sieve and stored at −20 °C during shipment to
the KOPRI laboratory in South Korea. Total DNA was extracted from
0.3 g of each soil sample using the DNeasy PowerSoil kit (QIAGEN) accord-
ing to manufacturer's protocol, and the extracted DNA was further purified
by OneStep PCR Inhibitor Removal kit (Zymo Research) to improve DNA
quality. DNAwas amplifiedwith universal primers (515FB/926R) targeting
the V4-V5 region of 16S rRNA gene (Parada et al., 2016). 16S PCR using
dual-indexed fusion primers, library preparation, and amplicon sequencing
(MiSeq 2 × 300 bp) were carried out at Integrated Microbiome Resource
(IMR). All the details of wet-lab protocols are found at Microbiome
Helper GitHub (https://github.com/LangilleLab/microbiome_helper/
wiki/Microbiome-Amplicon-Sequencing-Workflow). Raw sequencing data
were processed using the DADA2 algorithm (Callahan et al., 2016) to
4

infer amplicon sequence variants (ASVs), and the same parameter setting
was used as in the previous paper (Gyeong et al., 2021). The ASV represen-
tative sequences were taxonomically classified by matching them against
the EzBioCloud 16S database (Yoon et al., 2017) using the Naïve Bayesian
Classifier with a confidence threshold of 80%. The α-diversity was deter-
mined by the Shannon index with the normalized dataset by rarefying se-
quences to the smallest sample size (6967 sequences per sample). The β-
diversity was determined by calculating Bray−Curtis dissimilarities of all
pairs of samples using the Hellinger-transformed ASV abundance matrix,
and visualized using non-metric multidimensional scaling (NMDS). Raw se-
quence data were submitted to the NCBI Sequence Read Archive (SRA) da-
tabase with the accession number: PRJNA759713 (https://www.ncbi.nlm.
nih.gov/bioproject/PRJNA759713).

2.6. Statistical analysis

The statistically significant differences in chemical properties of soils
between chronosequences and successional stages were evaluated by two-
way ANOVA and a-posteriori Tukey tests, before testing for the homogeneity
of variances. Where the null hypothesis was rejected, the data were log
transformed. One-way ANOVA and a posteriori Tukey test were applied
to test for the significant differences between successional stages in the
Shannon index. As the data were not normally distributed, statistically sig-
nificant differences in temperatures inside vs. outside the OTCs were eval-
uatedwith non-parametricMann–WhitneyU tests. For the same reason, the
effects of the successional stage (early, mid, late), type of substrate (BSC vs
soil), passive warming (+OTC vs −OTC) and water addition (+H2O vs
−H2O) on diazotrophic activity (acetylene reduction rates) and denitrifica-
tion rates were evaluated by Nonparametric Methods in General Factorial
Designs with the package “rankFD” in R version 4.1.1. (Brunner et al.,
2017).

3. Results

3.1. Chemical properties of soils

The chemical properties of the soils differed significantly between the
two chronosequences. The Ardley chronosequence presented higher
water content (F1,27 = 306.1; p < 0.001) and contents of base cations
(F1,26 = 95.85; p < 0.001), available P (F1,27 = 17.87; p < 0.001), and
total N (F1,27 = 45.02; p < 0.001) and C (F1,27 = 144.79; p < 0.001)
than the soils of the Barton chronosequence. On the other hand, the soils
of the Barton chronosequence presented higher pH values (F1,26 =
214.44; p < 0.001) and total P (F1,27 = 35.22; p < 0.001) than the soils
of the Ardley chronosequence. Interactive effects of site*successional
stage and Tukey tests indicated that in the Ardley chronosequence,
AES presented significantly higher contents of base cations than ALS,
which in turn presented a higher total P content than AES and AMS
(Table 2). In the Barton chronosequence, significantly higher contents
of C and water were observed in BMS, lower in BLS and lowest in BES
(Table 2). The pH value observed was highest in BES, significantly
lower in BLS and lowest in BMS. A higher content of base cations was
observed in BES than in either BMS or BLS. Available P was the highest
in BMS followed by BES, and lowest in BLS. The contents of total and
available N were higher in BMS than in BES and BLS. Total P was similar
in the three successional stages.

3.2. Effects of the OTC on microclimatic conditions

The OTC significantly increased the mean surface air temperature by
0.5–0.9 °C and the minimum by 0.64–2.18 °C. Increases in the maximum
temperature by 0.04–1.3 °C were also obtained; however, these differences
were not statistically significant (Table 3, Table 1S). The relative humidity
inside and outside the OTCs was over 96% in all sites, except for BES where
the relative humidity at the surface was over 85% both inside and outside
the OTC.

https://github.com/LangilleLab/microbiome_helper/wiki/Microbiome-Amplicon-Sequencing-Workflow
https://github.com/LangilleLab/microbiome_helper/wiki/Microbiome-Amplicon-Sequencing-Workflow
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA759713
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA759713


Table 2
Chemical characteristics of soils in the three successional stages in the Ardley and Barton chronosequences. In parenthesis are the SD from the mean values, n=5. Different
capital letters indicate significant differences among chronosequences and lower-case letter among successional stages within a chronosequence.

Water content (%) pH
(H2O)

Available N
mg/kg

Available P
mg/kg

Base cations cmol/kg %N % C %P

Ardley A B A A A A
AES 54.47

(2.9)
5.54
(0.05)

29.57
(3.87)

22.96
(2.22)

35.76a
(11.09)

2.23
(0.12)

27.61
(2.1)

0.04b
(0.0)

AMS 50.86
(2.4)

5.3
(0.05)

25.03
(3.67)

24.25
(1.08)

26.25ab
(10.32)

2.27
(0.2)

28.29
(28.29)

0.04b
(0.01)

ALS 45.99
(2.16)

5.45
(0.06)

25.00
(3.39)

26.6
(0.65)

17.99b
(4.49)

1.8
(0.1)

20.97
(1.16)

0.14a
(0.02)

Barton B A B B B B
BES 8.28c

(1.32)
8.88a
(0.25)

15.27b
(4.15)

7.56b
(1.45)

16.69a
(1.77)

0.01b
(0.02)

0.10c
(0.21)

0.17
(0.03)

BMS 52.23a
(12.56)

4.94c
(0.23)

58.4a
(19.58)

129.87a
(17.66)

5.6b
(2.52)

1.65a
(0.94)

15.61a
(8.21)

0.3
(0.12)

BLS 21.65b
(1.49)

6.1b
(0.27)

22.95b
(16.34)

2.73c
(2.5)

5.19b
(1.33)

0.21b
(0.09)

2.76b
(1.36)

0.13
(0.09)
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3.3. Diazotrophic activity

In the Ardley chronosequence, in 2019 there was a significant effect of
successional stage, substrate and passive warming on diazotrophic activity.
Lower rates were found in AES than ALS (Fig. 1a, Table 2S). Higher rates
were found under passive warming and the BSCs presented higher rates
than the soils. No interactive effects were detected (Table 2S). In 2021,
the significant effects of successional stage and substrate were maintained
(Table 3S). While no effect of passive warming was observed, there was a
significant effect of water addition on diazotrophic activity (Fig. 1b,
Table 3S). Lower diazotrophic activity was found in AES than AMS. Signif-
icant interactive effects of successional stage*substrate and substrate*water
indicate that water addition significantly increased diazotrophic activity in
the BSCs of AES and AMS (Fig. 1b, Table 3S).

In the Barton chronosequence, in 2019 there was a significant effect of
successional stage and substrate on diazotrophic activity (Fig. 2a, Table 4S).
No effect of either passive warming or water addition was observed. In
Table 3
Mean surface air temperature (°C) and relative humidity (%) reached inside and outside
2021. The difference between the two treatments is indicated in italics. Different lett
(Table 1S).

Mean
temperature

Mean maximum
temperature

Mean minimum
temperature

AES
Inside −0.06a 2.35a −1.44a
Outside −0.95b 1.84b −2.98b
Difference 0.89 0.50 1.53

AMS
Inside 0.15a 2.65 −1.28a
Outside −0.35b 1.73 −1.92b
Difference 0.50 0.92 0.64

ALS
Inside −0.23a 2.32 −1.47a
Outside −1.12b 1.80 −3.64b
Difference 0.90 0.52 2.18

BES
Inside 1.17a 3.78 −0.41a
Outside 0.44b 2.48 −1.03b
Difference 0.73 1.30 0.62

BMS
Inside −0.66a 1.51 −1.86a
Outside −1.15b 1.47 −3.15b
Difference 0.49 0.04 1.28

BLS
Outsidea −2.06 0.63 −4.03

a Only outside records as the OTCs were blown down.
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2021, the significant effects of successional stage and substrate were main-
tained, being highest in the BSCs of BES (Fig. 2b Table 5S). In addition, sig-
nificant interactive effects of successional stage ∗ passive warming ∗ water
were observed, indicating that in BMS a positive effect of passive warming
without water addition; however passive warming had a negative effect
when combined with water addition (Table 5S).

3.4. Denitrification

In Ardley Island in 2019 there was a significant effect of successional
stage on denitrification rates: AMS presented the lowest denitrification
rate, followed by AES, and the highest was found in ALS (Fig. 3a,
Table 6S). No effect was found of substrate, passive warming or water addi-
tion on denitrification rates (Table 6S). In 2021 there was a significant ef-
fect of successional stage and substrate on denitrification rates: AMS
presented a lower rate than ALS and soil presented a higher rate than
BSCs. Interactive effects of successional stage ∗ substrate indicate that the
the OTCs in Ardley Island and Barton Peninsula from February 2019 until February
ers indicate significant differences (P < 0.05) in inside and outside temperatures

Mean relative
humidity

Mean maximum relative
humidity

Mean minimum relative
humidity

96.64 97.80 94.33
96.87 99.45 91.77
−0.23 −1.65 2.56

98.64 99.57 96.57
97.63 99.62 93.84
1.01 −0.05 2.73

99.30 99.82 97.94
96.64 99.54 90.22
2.66 0.29 7.72

85.49 86.63 83.73
89.86 92.36 86.31
−4.37 −5.73 −2.58

97.79 99.20 94.78
95.47 97.48 91.90
2.32 1.73 2.88

97.09 99.45 92.49



Fig. 2.Mean (n=6±SD) diazotrophic activity (the rate of acetylene reduced to ethylene) infield experiments in the three successional stages of the Barton chronosequence
in the BSC and soil inside (+OTC) and outside (−OTC) the open-top chambers and with (+H2O) and without (−H2O) water addition, during (a) February 2019 and
(b) February 2021. In 2021, only BES and BMS were measured. Only the significant effects of Wald statistics are shown in the box (Tables 4S and 5S).

Fig. 3.Mean (n = 6 ± SD) denitrification rates in the three successional stages of the Ardley chronosequence in the BSC and soil inside (+OTC) and outside (−OTC) the
open-top chambers andwith (+H2O) andwithout (−H2O)water addition, during (a) February 2019 and (b) February 2021. Only the significant effects ofWald statistics are
shown in the box (Tables 6S and7S).
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difference in denitrification rates between BSCs and soils was higher in ALS
than in AMS and AES (Fig. 3b, Table 7S).

In Barton Peninsula in 2019 the only significant effect on denitrification
rates was the successional stage, and higher rates were found in BMS than
in BLS (Fig. 4a, Table 8S). Therewas no effect of substrate, passive warming
or water addition (Table 7S). In 2021, no effect was detected on denitrifica-
tion rates, however the trend towards higher rates in BMS was maintained
(Fig. 4b, Table 9S).

3.5. Relative abundance and structure of soil bacterial communities

The most abundant phyla of soil bacteria (>10%) in both
chronosequences were Acidobacteria, Proteobacteria, Bacteroidetes and
Planctomycetes (data not shown). The classes of soil bacteria that increased
in abundance (AES < AMS < ALS) over the Ardley chronosequence
were Acidobacteriia, Solibacteres (Acidobacteria) and PAC001852_c
(Acidobacteria). Of themost abundant classes, decreases (AES>AMS>ALS)
were observed in α-Proteobacteria, Sphingobacteriia (Bacteroidetes) and
Spartobacteria (Verrucomicrobia) (Fig. 5a). In the Barton chronosequence,
the classes that increased (BES < BMS < BLS) were Planctomycetia and
Solibacteres, while decreases (BES > BMS > BLS) were observed in
Sphingobacteriia, γ-Proteobacteria, β-Proteobacteria and Actinobacteria_c.
The class Acidobacteriiawere most abundant in BMS (Fig. 5b). Archaeal se-
quences consisted of only 0.03% of the total 16S reads, withmostly belong-
ing to ammonia oxidizing genus Nitrososphaera (Thaumarchaeota).

In the Ardley chronosequence, ALS presented the lowest α-diversity of
soil bacterial communities (F2,11 = 8.94; p < 0.005, Fig. 6a). In the Barton
chronosequence, BLS presented the highest α-diversity of soil bacterial
communities (F2,12 = 9.56; p < 0.03, Fig. 6b). The β-diversity indicates a
gradual shift in the bacterial community structure along the
chronosequence in Ardley Island (Fig. 7a), while in Barton Peninsula the
three different successional sites are more dissimilar (Fig. 7b).
Fig. 4.Mean (n = 6 ± SD) denitrification rates in the three successional stages of the B
open-top chambers and with (+H2O) and without (−H2O) water addition, during (a) F
Only the significant effects of Wald statistics are shown in the box (Tables 8S and 9S).
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4. Discussion

4.1. Patterns of diazotrophic activity

During the 2 years of the study, both the successional stage and the sub-
strate were found to present significant effects on diazotrophic activity in
both chronosequences. The effects were significantly lower in soil than in
BSCs. The higher rates found in BSCs are explained by the fact that ourmea-
surements of acetylene reduction activity included free-living microorgan-
isms, endophytes in lichens and soil crusts, and even epiphyll in mosses.
Abundant N-fixing α-Proteobacteria have been found in the Usnea-moss as-
sociation and in Cladonia and Ochrolechia lichens of maritime Antarctica
(Lee et al., 2014; Park et al., 2016). In soil, on the other hand, only free-
living symbiotic nitrogen fixation is measured.

In the Ardley chronosequence, the earliest stage of succession (AES) pre-
sented the lowest rates of diazotrophic activity, however in the Barton
chronosequence the earliest succession stage (BES) presented the highest
rate. This contrasting pattern may arise from differences in the state factors
of the chronosequences, for example soil origin (raised beaches in Ardley
vs. glacial melting in Barton (Fretwell et al., 2010; Seong et al., 2009)), cli-
mate (harsher climate in Barton than in Ardley, as suggested by Table 3),
and the chemical properties of soils (i.e. less acidic in the Barton
chronosequence, as suggested by Table 2). Under such scenarios, contrast-
ing patterns of ecosystem development are expected (Delgado-Baquerizo
et al., 2019; Delgado- Baquerizo et al., 2020). The higher rates of
diazotrophic activity in BES are associatedwith the highest soil pH and con-
tent of base cations, and lower contents of total C and water in soils than in
BMS and BLS. In BES the moss Bryum sp. dominates the BSCs, and bacterial
association with diazotrophs probably contributes to the significant acety-
lene reduction activity. Similarly, plant cover in the primary succession of
Surtsey Island of Iceland is dominated by the moss Bryum, which presents
epiphyll association with N-fixing Cyanobacteria of the species Nostoc
arton chronosequence in the BSC and soil inside (+OTC) and outside (−OTC) the
ebruary 2019 and (b) February 2021. In 2021, only BES and BMS were measured.



Fig. 5. Relative abundance (%) of classes of soil bacteria in three successional stages of the Ardley (a) and Barton chronosequence (b).
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calcicola (Henriksson et al., 1987). Other cyanobacteria present in soils,
such as Microcoleus, most probably form such associations with the Bryum
species in our study (see below). In the Ardley chronosequence, a higher
rate of diazotrophic activity was found in ALS, associated with a higher
total P content – a limiting factor on nitrogen fixation (Reed et al., 2011).
Fig. 6. Mean α-diversity (n = 5, Shannon-Index) of soil bacterial communities in
the three successional stages of the Ardley (a) and Barton (b) chronosequences.
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4.2. The effect of passive warming and humidity on diazotrophic activity

In the Ardley chronosequence, positive effects of passive warming and
moisture on diazotrophic activity were recorded in the first and the second
years respectively. We interpret this result as follows: in the Ardley
Fig. 7. β-Diversity of soil bacterial communities based on Bray−Curtis
dissimilarities among all pairs of samples visualized using non-metric
multidimensional scaling (NMDS). Convex hulls were added around groups of
samples with connecting each sample to a group centroid.
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chronosequence, during the 3-day course of the field experiments, the sur-
face air temperature showed a contrasting difference averaging 1 °C
between the treatments inside and outside the OTCs (Fig. 2aS); tempera-
tures below zero were recorded only outside the OTCs. Moreover, the
field water content of the BSCs was 60% average (Fig. 2cS). This environ-
mental setting during the first year of the study determined that warming
would becomemore limiting because the moisture condition was sufficient
for diazotrophic activity. In the second year of the study in this
chronosequence, however, the temperature difference between inside and
outside theOTCswasminimal, only 0.3 °C on average, and no temperatures
below zero were recorded (Fig. 2bS); in contrast the field water content of
the BSCs was less than 35% on average (Fig. 2bS). Thus in the second year
of the study, humidity would be a stronger limiting factor on diazotrophic
activity than temperature.

In the Barton chronosequence, on the other hand, our results indicate
that passive warming and moisture may not be limiting factors on
diazotrophic activity, as no response was found in the first year. In the sec-
ond year of the study, passive warming may even have had the effect of in-
creasing diazotrophic activity in BMS, but without water addition, as
indicated by the significant interactive effect of successional stage*passive
warming*water. This was the experiment site with the highest water con-
tent, available P, and total N and C; thus, the addition of water might
have produced a dilution of nutrients for diazotrophs. This line of evidence
suggests that the addition of nutrients such as C, P and microelements, co-
factors of the nitrogenase enzyme, may be more effective in increasing
diazotrophic activity in this chronosequence than passive warming or
water addition. In fact, this chronosequence presented significantly lower
contents of base cations, available P and total N and C than the soils of
the Ardley chronosequence. All these elements have been reported as limit-
ing factors on diazotrophic activity (Reed et al., 2011; Pérez et al., 2017a).

4.3. Denitrification patterns

Contrary to diazotrophic activity, the highest rates of denitrification
were found in the soil. This result is expected, as most denitrifiers are
free-living and depend on the widely available nitrate in the soil of the eco-
system. In the Ardley chronosequence, AMS presented the lowest denitrifi-
cation rate in the first year of the study; in the second year it was still lower
than ALS. As the chemical parameters of the soils are similar in the three
successional stages, finding a plausible explanation of this pattern remains
an open question.

In the Barton chronosequence, during both years of the study BMS pre-
sented a trend towards higher denitrification rates, associated with higher
contents of water, available N and P, and total C and N. In maritime
Antarctica, higher denitrification rates have been found associated with
higher contents of available N and C in soils (Pérez et al., 2017b; Dai
et al., 2020). The fact that there was no effect of passive warming and
water addition on denitrification rates suggests that these factors are not
limiting on denitrification in either chronosequence.

4.4. Patterns of microbial community abundance and structure

The most abundant phyla found in the present study, such as
Acidobacteria and Proteobacteria, are usually found in high abundances in
maritime Antarctica (Ganzert et al., 2011, Wang et al., 2015, Garrido-
Benavent et al., 2020, Krauze et al., 2021), with the phylum Planctomycetes
also presenting important numbers. This phylum is commonly described to
be abundant in Sphagnum-moorland and lichen-dominated tundra, and is
recognized for its high hydrolytic and glycolytic capabilities (Dedysh and
Ivanova, 2019). Of these, the most abundant soil bacteria, Acidobacteria
showed a trend to increase over the succession stages from early through
mid to late in the Ardley chronosequence. Similar trends have been found
in several chronosequences of glacier forefields in Artic, Sub-Antarctic and
glacial mountains around the globe (Zumsteg et al., 2012; Rime et al.,
2015; Kwon et al., 2015; Kim et al., 2017; Jiang et al., 2018; Castle et al.,
2016; Fernandez-Martinez et al., 2017), and even in the Antarctic (Krauze
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et al., 2021; Garrido-Benavent et al., 2020). This trend is generally accom-
panied by decreasing soil pH with soil age (Zumsteg et al., 2012, Mateos-
Rivera et al., 2016, Kim et al., 2017). In fact, in the Barton chronosequence
the highest abundance of Acidobacteria is found in BMS, where the soil pre-
sented the lowest pH value. Acidobacteria have been defined as an oligotro-
phic group of bacteria with high capabilities in the decomposition of a wide
variety of polysaccharides and in the production of exopolysaccharides,
thereby contributing to soil stabilization (Kielak et al., 2016).Planctomycetes
are likewise found in higher abundance in BLS, also characterized by their
ability to degrade carbon from organic matter complexes such as lichenan
and chitin (Dedysh and Ivanova, 2019). Therefore both Acidobacteria and
Planctomycetes are important phyla contributing to organic matter decom-
position and incorporation into the soil in older successional stages.

Of themost frequent classes, those that decreased in relative abundance
were the α-and β-Proteobacteria in the Ardley and Barton chronosequences,
respectively. Similar patterns were found in glacier forelands of the Damma
Glacier (Zumsteg et al., 2012) and in Antarctica (Garrido-Benavent et al.,
2020). The widespread presence of N-fixers in the phylum Proteobacteria
has been documented (Nelson et al., 2016) but the decrease observed in
one of the most common representative N-fixers, Rhizobiales, bore no
relation to the increase in diazotrophic activity observed in the
Ardley chronosequence (Fig. 3aS). The decrease in β-Proteobacteria
(Burkholderiales) and Actinobacteria (Frankiales) in the Barton
chronosequence followed the decrease in diazotrophic activity found in
the present study (Fig. 3bS). A decrease in the relative abundance of
Actinobacteria with soil age has also been observed in glacier forelands
around the world (Rime et al., 2015, Kwon et al., 2015, Fernandez-
Martinez et al., 2017) and in Antarctica (Krauze et al., 2021). Cyanobacteria
is one of the diazotroph phyla that have been commonly described to be im-
portant components of bacterial assemblages in glacier forefields (Zeng
et al., 2016, Fernandez-Martinez et al., 2017, Rippin et al., 2018, Pessi
et al., 2019). In the Ardley chronosequence, we found that the relative
abundance of Cyanobacteria presented a trend to increase towards the latest
successional stage (Fig. 3aS), a trend also found in a glacier forefield on Liv-
ingstone Island in Antarctica (Garrido-Benavent et al., 2020) and Svalbard
in the Arctic (Pessi et al., 2019). However, in our study there was no repre-
sentative of any genus of either heterocyst or non-heterocyst N-fixing
Cyanobacteria, except for Microcoleus (0.05%) present in AES (data not
shown); this is because 85% of the ASVs of Cyanobacteria could not be
assigned to any known genera, and these probably account for the high
diazotrophic activity found in AMS and ALS. In the Barton chronosequence,
several non-heterocyst, N-fixing Cyanobacteria bacteria were found exclu-
sively in BES.Microcoleus (2.2%) was found in high abundance, with lesser
abundance (< 0.01%) of Chamaesiphon, Chroococcidiopsis, Leptolyngbya,
Nostoc (heterocyst) and Oscillatoria (data not shown). Most probably one
of these abundant free-living soil bacteria (e.g.,Microcoleus) finds a suitable
habitat in the moist microenvironment of the Bryum phyllids, thus forming
an epiphyllic association, contributing to the high rates of diazotrophic ac-
tivity found in the BSCs of BES. Further research is needed in order to con-
firm this hypothesis. In both chronosequences, Ardley and Barton, the
relative abundance of Sphingobacteria (Bacteroidetes) decreased over the
succession stages from early through mid to late, similar to findings in the
Hailuogou Glacier chronosequence (Jiang et al., 2018). Sphingobacteria
have been found to increase in abundance as rising temperatures have in-
creased available C in the permafrost soils of the Arctic Tundra (Ricketts
et al., 2020). In our case, the higher abundance of Sphignobacteria in early
successional soils may be associated with a higher proportion of newly
available organic C (probably from the nearby glacier or ocean inputs),
rather than withmore recalcitrant forms of C coming from lichen plant ma-
terial accumulated over thousands of years of soil development.

Denitrifiers are also important soil bacteria found in ice-free regions of
maritime Antarctica (Zhu et al., 2009; Dai et al., 2020; Ramírez-
Fernández et al., 2021). In our study, the most abundant denitrifier belongs
to the genus Rhodanobacter; it represented up to 10% in BMS, where it is as-
sociated with a trend towards the highest denitrification rates (Fig. 4bS).
This genus has already been reported to be abundant in ornithogenic soils
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of maritime Antarctica (Ramírez-Fernández et al., 2021). Moreover, the
changes in the composition of denitrifiers in the three successional stages,
with the genus Thiobacillus predominating in BES, suggests that a diversity
of groups is performing this function. Other denitrifiers present important
abundances in the Ardley chronosequence, such as Rhizobacter in ALS
(Fig. 4aS). In AMS, Rhodanobacter has the lowest abundance associated
with lower denitrification rates (Fig. 4aS).

Studies performed in glacier forefields report either increases, decreases
or neutral effects on bacterial α-diversity. In the present study we found
higher bacterial diversity in the early successional site of the Ardley
chronosequence, whereas in the Barton chronosequence the highest bacte-
rial diversity was found in the late successional site. Other studies per-
formed in glacier forefields of maritime Antarctica report that bacterial α-
diversity increases with distance from the glacier terminus (Garrido-
Benavent et al., 2020, Krauze et al., 2021), associated with a decrease in
pH values and an increase in soil organic matter in well vegetated sites.
However, Bajerski and Wagner (2013), in the Larsemann Hills of East
Antarctica, found the lowest α-diversity in the site most distant from the
glacier terminus, linked to lower pH and C content in soils than at the site
closer to the glacier. These results suggest that the factors affecting micro-
bial diversity may vary from one glacier forefield to another, depending
on other unconsidered factors such as the source of microbial inputs from
the ocean and glacier runoff. It may be noted that the highest α-diversity
in the Barton chronosequence was found precisely in the oldest soil in
BLS, with low contents of nutrients and – even more noteworthy – with
the lowest mean surface annual temperature. Here in this harsh environ-
ment, the high soil α-diversity may be explained by the increase in protec-
tive plant cover, and probably also by the higher variety of organic
compounds with soil age (Delgado-Baquerizo et al., 2019).

The β-diversity in the Ardley chronosequence indicates a gradual
change in the soil microbial assemblage from the younger to the older suc-
cessional stages. In the Barton chronosequence in contrast, there is marked
dissimilarity between the three successional stages; this suggests that other
contrasting factors between the successional stages apart from soil age –
such as soil type and microclimate – combine to create greater differences
in the soil microbial assemblages in the different successional stages.

5. Conclusions

In the present study we found contrasting patterns of microbial activity
and soil microbial community structure in the two chronosequences stud-
ied. These may be a consequence of their different environmental settings,
mainly differences in soil origin (raised beaches vs. glacial melting) and cli-
matic conditions (mild vs. harsher climate). Moreover, the different re-
sponses to passive warming and water addition may express the different
degrees of limitation onmicrobial activity caused bywarming andmoisture.
Finally, interannual climatic variability, which determined the moisture of
the substrate and the temperature conditions during the experimental set-
ting, was also reflected in a differential response of microbial activity to ei-
ther warming or water addition. However, in the long term, the predicted
increases in air temperature and precipitation in maritime Antarctica will
produce strong positive effects on diazotrophic activity where sufficient nu-
trients are available. So far it is not possible to predict the trends in denitri-
fication rates, as these appear to depend on nutrient availability.
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